Hyperkalaemia is a recognised complication of massive blood transfusion. We present a case of hyperkalaemic cardiac arrest in a male infant of 12 months, who was undergoing craniofacial surgery for sagittal craniosynostosis. At the time of arrest the patient had received a massive transfusion of predominantly irradiated packed red cells over a two-hour period, and had a measured plasma potassium concentration of 10.1 mmol/l. Cardiopulmonary resuscitation was successful after 15 minutes. On the basis of our laboratory data and a review of the available literature, we recommend the use of fresh, non-irradiated packed red cells whenever possible in paediatric surgery.
Massive transfusion has been defined as replacement of greater than one blood volume with packed red blood cells or whole blood in less than 24 hours [1] [2] [3] [4] . This rapid administration of blood products can result in many complications that are linked to the composition and effects of preservation and storage of packed red blood cells. Hyperkalaemia is a well recognised complication of massive transfusion and may result in cardiac arrhythmias, circulatory arrest and death [5] [6] [7] [8] .
We present a case of hyperkalaemic cardiac arrest in a child undergoing craniofacial surgery.
CASE HISTORY
A 12-month-old male was electively scheduled for surgical correction of severe scaphocephaly secondary to sagittal craniosynostosis. Preoperative assessment revealed no associated conditions or complicating factors. Preoperative haemoglobin concentration was 129 g/l. His weight was 7.85 kg giving an estimated blood volume of 640 ml.
Anaesthesia was induced with sevoflurane in a 50:50 N 2 O/O 2 mixture and two 20 gauge intravenous cannulae were inserted in the long saphenous veins. After a 5 mg bolus of atracurium the child was intubated nasally with a 4.0 mm non-reinforced Portex (Boots Healthcare, Australia) endotracheal tube. A 22 gauge cannula was inserted in the right dorsalis pedis artery. The child was placed in the prone position on a deflatable beanbag with the neck extended and the abdomen free of pressure. Standard anaesthetic monitoring was instituted along with invasive arterial pressure, temperature monitoring and precordial and oesophageal stethoscopes. Central venous pressure was not monitored because of the risk of pneumothorax occurring during surgery when access to the patient is limited. A Bair Hugger (warming blanket) (Augustine Medical Inc., Eden Prairie, MN, U.S.A.) and blood warmer were utilized. Anaesthesia was maintained with N 2 O/O 2 2:1 l/min and isoflurane 1%. Atracurium and morphine infusions were commenced at 1 mg/h and 0.1 mg/h respectively, after initial boluses of 5 mg and 1 mg. Lignocaine 15 ml of 0.5% with adrenaline (1:200 000) was infiltrated surgically at the commencement of the case.
From the outset operative blood loss was significant. Crystalloid was given, followed by separate infusions of colloid (4% Albumex, CSL Bioplasma), and packed red cells (average unit volume 350 ml, haematocrit 0.4). The patient's vital signs remained stable for the first two hours of surgery (systolic BP 70 to 80 mmHg; pulse rate 120 to 140 beats per minute; oxygen saturation 99%; temperature 36°C). At this time, some 45 minutes prior to arrest, a blood gas sample was sent for analysis ( Table 1) . Volume replacement had consisted of 250 ml crystalloid; 350 ml colloid; and approximately 1.5 units of adult packed cells. Calcium gluconate 5 ml 10% (0.22 mmol Ca 2+ per ml) was administered upon receipt of the blood gas results.
Over the next 45 minutes operative blood loss increased substantially, to the extent that red cells were infused via a 20 ml syringe and three-way tap. Fifteen minutes prior to arrest the patient's heart rate slowed to 80 beats per minute with a concomitant rise in arterial pressure to 120 mmHg systolic. Loosening of wires approximating the skull fragments rapidly returned the child's vital signs to their previously stable levels. Operative blood loss remained brisk, oesophageal temperature fell to 34°C, and as an arterial blood gas sample was being drawn (Table 1) , the heart rate slowed to 60 beats per minute. This episode was accompanied by morphological changes in the ECG. The QRS interval was widened, tall peaked T-waves were evident and in a matter of seconds the ECG became isoelectric. The patient's heart sounds and peripheral pulses were clinically undetectable. The surgeons commenced external chest compressions with the child in the prone position by compressing the thoracic spine. An adequate cardiac output was achieved with this technique as evidenced via oximetry, arterial pressure and capnography readings. All maintenance infusions were ceased. Fluid replacement over the 45 minute period prior to arrest had consisted of a further two units of packed cells, 150 ml of colloid and a unit of fresh frozen plasma. Pharmacological therapy during the arrest comprised in total, adrenaline 1 mg, atropine 0.4 mg, calcium chloride 10% 25 ml, calcium gluconate 10% 5 ml and sodium bicarbonate 8.4% 20 ml.
The return of cardiac electrical activity and cardiac output were noted 15 minutes following the arrest. At this stage the child was transferred to the supine position and the wound rapidly closed. Further blood gas samples were collected. The patient remained haemodynamically stable and was transferred to the Intensive Care Unit some 35 minutes after arrest.
All blood products and drugs administered during the case were checked at the end of the procedure and no errors were detected. Laboratory analysis for intravascular haemolysis was negative and samples from the four blood units used were sent for biochemical analysis ( Table 2 ).
The child made excellent progress despite the intraoperative difficulties. He was discharged from Intensive Care some 12 hours after admission and from hospital two weeks after surgery. He is being followed up in an outpatient clinic.
DISCUSSION
With a measured serum potassium concentration of 10.1 mmol/l at the time of cardiac arrest, characteristic changes of hyperkalaemia noted on ECG and the recovery of electrical activity and cardiac output following measures aimed at lowering serum potassium and stabilizing the cardiac membrane, there can be little doubt that hyperkalaemia resulted in cardiac arrest in this particular case. There are numerous factors which could have contributed to both hyperkalaemia and circulatory arrest and many of them are linked to the rapid transfusion of a large volume of stored blood.
Storage of red cells leads to progressive changes including altered affinity of haemoglobin for oxygen, decrease in pH, changes in red cell deformability, elevation of plasma potassium, phosphate and ammonia levels, and a decrease in intracellular 2,3 diphosphoglycerate levels 4 . Plasma potassium increases during storage primarily due to haemolysis and diffusion. The energy-dependent membrane ionic pumps are inhibited during storage, allowing potassium to diffuse out of erythrocytes along a large concentration gradient 9 . Loss of intracellular anions may also contribute, as this alters the electrical gradient to favour 531 
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Anaesthesia and Intensive Care, Vol. 27, No. 5, October 1999 potassium loss from the intracellular space into the plasma 10 . Duration of storage is a major factor influencing the amount of extracellular potassium and hence the immediate potassium load in packed red cells [11] [12] [13] . More recently, several studies have reported that irradiated red cells have significantly higher extracellular potassium levels at any stage of storage than non-irradiated controls [14] [15] [16] . Gamma irradiation of blood components was first used over 30 years ago to reduce the risk of graft versus host disease in allogenic bone marrow transplant recipients 17 . Since that time the use of irradiated packed cells has spread to other immunocompromised populations including neonates and children with certain malignancies 18, 19 . Irradiation is thought to increase the damage to the membrane bound ionic pumps leading to an increased leak of potassium into the extracellular space 15 . The rate of increase in extracellular potassium concentration is greatly accelerated by irradiation. In addition, the irradiation process itself causes a significant increase in extracellular potassium independent of the length of storage before irradiation 20 . Some controversy exists as to whether unused irradiated blood should be cross-matched for use in other patients 15, 16 . There are also theoretical risks that irradiation may alter DNA structure and repair or produce sister chromatid changes, all of which may predispose to malignancy or chromosome damage 21 .
Our patient was exposed to a significant exogenous potassium load from transfusion. At our institution, the average unit of packed red cells has a volume of 350 ml and a haematocrit of 0.40, giving an approximate non-red-cell volume in which the potassium would be distributed of 210 ml. From the concentrations detailed in Table 2 , the minimum potassium load that the patient would have received from transfusion during the entire operation is approximately 21 mmol (2.6 mmol/kg). This load exceeds the recommended daily intake of potassium for an infant of this size 22 . Plasma potassium will be influenced by both the amount and the rate of administration of potassium. The body's immediate response to an intravenous potassium load is redistribution of potassium within the extracellular space and translocation of potassium into the intracellular space 9 . Children undergoing craniofacial surgery with massive transfusion have been shown to have significantly impaired ability to translocate potassium intracellularly 9 . Renal elimination of potassium would also be impaired in such cases, as renal perfusion and filtration are reduced by massive blood loss. Several clinical and laboratory studies have demonstrated significant hyperkalaemia at rapid blood transfusion rates. Transient hyperkalaemia was shown at transfusion rates in excess of 0.4 ml/kg/min 7 and dogs given 2 mmol/kg/h of potassium developed cardiac toxicity within two hours 23 . In our case the 45-minute period separating the first two blood gas results corresponded with the time of greatest operative blood loss. During this time our patient received bank blood at an approximate rate of 2 ml/kg/hr and an approximate potassium infusion rate of 2.3 mmol/kg/h. The risk of hyperkalaemic cardiac arrest is likely to have been increased by other factors in this case. Metabolic acidosis, which would have resulted from impaired organ perfusion and infused bank blood, exacerbates hyperkalaemia by leading to a shift of potassium into the extracellular space. Hypocalcaemia, as occurred in this case, due to the citrate load in packed cells, augments the myocardial depression and rhythm disturbances caused by acute hyperkalaemia 6 . Hypothermia impairs the metabolism of citrate, exacerbating the hypocalcaemia. Finally, the stress response and release of catecholamines could also have potentiated the potassium-induced cardiac dysrhythmias 6 . In our case the good clinical outcome was probably due to a combination of effective cardiopulmonary resuscitation and prompt correction of the hypocalcaemia and metabolic acidosis.
Children undergoing major craniofacial surgery are prone to significant blood loss that often requires transfusion in excess of one blood volume. Brown et al demonstrated that 10 of 11 children who received a transfusion while undergoing craniofacial surgery had a statistically significant increase in plasma potassium concentration. They concluded that the quantity of extracellular potassium in packed red cells was a clinically important factor that could give rise to hyperkalaemia during massive transfusion 9 . We have reported a case of hyperkalaemic cardiac arrest in a child who received a massive transfusion while undergoing craniofacial surgery. The majority of red cell units infused in this case had an excessively high potassium concentration. This was most likely due to a combination of the length of time the units had been stored, the fact that they had been irradiated and a significant delay (14 days) in the use of these units once they had been irradiated.
The blood products used were the only patient compatible units available in the institution at the time when rapid transfusion was required. There was no specific indication for the use of irradiated red cells in this child. The use of fresh, non-irradiated packed cells may well have averted many of the problems in this case.
Anaesthesia and Intensive Care, Vol. 27, No. 5, October 1999 We thus conclude from our experience in this case and a review of the available literature, that in elective surgery in children where there is a significant risk of major transfusion: 1. the packed red cells used should be as fresh as possible 24,25 , 2. the transfusion of irradiated blood increases the likelihood of hyperkalaemia and thus: (a) irradiated blood should only be used if a specific indication exists, (b) red cells should be transfused within 96 hours of irradiation 19 , 3. constant awareness, prompt recognition and treatment of the complications of massive transfusions is required.
